Natural abundance 13C nuclear magnetic resonance spectroscopy was used to detect signals from glycogen in the human gastrocnemius muscle. The reproducibility of the measurement was demonstrated, and the ability to detect dynamic changes was confirmed by measuring a decrease in muscle glycogen levels after exercise and its subsequent repletion. Single frequency gated 'H decoupling was used to obtain decoupled natural abundance 13C NMR spectra of the C-1 position of muscle glycogen.
In this communication we report the observation of glycogen in the human muscle by natural abundance 13C nuclear magnetic resonance. This carbohydrate storage compound is one of the principal substrates of muscle metabolism during exercise. Its concentration in human skeletal muscle is generally 70-110 mmol of glucosyl units per kg of wet tissue (1) (2) (3) (4) (5) (6) (7) (8) and its depletion has been proposed as one of the causes of muscle fatigue following prolonged exercise (5) (6) (7) .
Human muscle glycogen content is generally determined by needle biopsy (9) , a procedure that involves discomfort to the subject and can only be repeated a limited number of times. Furthermore, the needle biopsy provides a measure of the glycogen content in a small volume of muscle and does not necessarily reflect the overall glycogen content of the muscle tested. In contrast, the`3C NMR measurements we have made take as little as 4 min, involve no discomfort to the subject, and can be repeated as many times as the study requires. They also sample a larger volume of muscle and are therefore less susceptible to regional variations in glycogen content.
METHODS
The '3C spectra were obtained at 50. 4 MHz using a 4.7-T Biospec spectrometer. The homogeneous volume of the Bruker 4.7/300 horizontal magnet is centered 46 cm from the magnet endplate. It is therefore possible for most subjects to lie with one leg sufficiently far into the magnet to position the bulk of the gastrocnemius muscle in this volume. The NMR probe consisted of concentric 13C and 1H surface coils. The inner 13C coil had a diameter of 4.5 cm and was double balanced to reduce capacitative coupling to the sample (10). The outer 1H coil had a diameter of 7 cm and was of a distributed capacitance design to allow it to be tuned to 200.4
MHz. These coils were mounted below a Teflon sheet, which served as a support for the leg and also raised the leg -3 mm above the coils. This spacing reduced the penetration into the tissue of the high-flux regions close to the wires of the surface coils.
In this study, the 1H coil was used to detect the signal from water while shimming the static magnetic field. -CH=CH-CH=CH-), and -175 ppm (-CO2-) (12) . The intensity of these signals, which arise principally from the layer of subcutaneous fat close to the surface coil, was greatly reduced by the depth pulse sequence as compared with a simple 0-AQ sequence, while the glycogen signal suffered no such reduction in intensity. The reason for the reduction in intensity of the signals from subcutaneous fat relative to the desired 13C-1 signals from glycogen is the following: the effect of the depth pulse sequence 0/3 (+ x) -0-AQ is to suppress signals from those regions receivtTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. ing pulses of -270°. The proximity of the subcutaneous fat layer to the surface coil (-5 mm) means that when 6 is optimized to deliver a 900 pulse at a depth of -2 cm in the gastrocnemius muscle, the volume containing the bulk of the subcutaneous fat receives pulse angles in the range of 1800 to 3600. The signals from this region close to the coil are therefore suppressed, while those from the underlying muscle are relatively unaffected. This strategy considerably simplifies phasing of the C-1 glycogen signals, which in spectra obtained using a 6-AQ sequence ride on the wing of the fat signal at -129 ppm, with a different phase. Note that the residual signals from subcutaneous fat are -180°out of phase from the glycogen signals (i.e., inverted). Furthermore, the rather long 6 pulse (-250 /.s) used introduces significant off-resonance effects as little as 40 ppm away from the carrier frequency, which was positioned within 5 ppm (200 Hz) of the "C-i resonances of glycogen for all measurements.
To assess the reproducibility of the measurement, 13C spectra were collected on the same individual several hours apart for comparison. The subject was removed from the magnet between measurements, but no changes were made to the spectrometer except for retuning the 13C coil and reshimming the magnet at the start of each data collection. During this time, the subject undertook no strenuous exercise to ensure that there was no significant variation in muscle glycogen content. Subtraction of spectra taken as much as 24 hr apart revealed no difference in the glycogen signal intensity within the limits of the noise (Fig. 2) from the deeper lying muscle. The subtraction errors in the lipid resonances at 30 ppm and 129 ppm were -6% and -12%, respectively. We therefore estimate that the error in glycogen measurement in this study from measurement to measurement is 6-10%.
To illustrate our ability to follow dynamic changes in muscle glycogen levels, the effect of strenuous exercise on calf muscle glycogen was studied in two subjects. A 6-AQ (6 = 250 ,s) sequence was used to collect spectra from the gastrocnemius muscle of a trained runner prior to, immediately following, and the day after a 13-mile run (Fig. 3) . Each spectrum was the sum of 8000 transients, and no adjustments were made to the spectrometer between the measurements except for reshimming the static magnetic field to optimize its homogeneity and retuning the '3C surface coil. After the run, the muscle glycogen level fell to 30% of the preexercise level and had recovered to 80% of the preexercise level when measured the following morning (19 hr after the run). In a second study, the same pattern of glycogen depletion was seen-namely, the glycogen signal fell to 30% of the preexercise value following a 13-mile run. In this case, however, no glycogen measurements were performed during the subsequent recovery phase. These results are consistent with previous reports of the dynamics of the muscle glycogen pool during and after exercise. For example, Costill et al. (8) found that muscle glycogen fell from 2.1 per 100 g of tissue (100%o) to 1.3 g per 100 g of tissue (62%) following a similar exercise regime and had increased to 1.6 g per 100 g of tissue (76%) after 24 hr (14 [1-13C] glycogen signal in a given time. In the final part of this study, we combined the 0/3( +x) -O-AQ depth pulse sequence (6 = 200 ,us) with single frequency decoupling of the C-1 proton of glycogen (5.4 ppm in the 1H NMR spectrum). The decoupling field (9 W) was gated on only during the 20-ms acquisition period. This gave a 10%bo duty cycle for the decoupler and a mean power of 0.9 W. The results are shown in Fig. 4 . The lower spectrum shows the coupled [1-13C] In summary, these data indicate that natural abundance '3C NMR spectroscopy can be used to measure routinely the levels of muscle glycogen in humans. With decoupling, the 13C NMR measurement takes 5 min and, in contrast to the needle biopsy method, involves no discomfort and does not limit the number of measurements possible. Earlier work from this laboratory has shown that '3C NMR detects all of the glycogen both in vitro and in vivo (14) . Our tests of the reproducibility of the measurement indicate that variations in the measured glycogen intensity are no more than -10% at present, a level of accuracy comparable to that available with needle biopsy. The dynamic changes seen following exercise are also consistent with previous determinations of glycogen depletion during exercise and subsequent repletion. 
